Abstract-With the phaseout of the manufacture of some polybrominated diphenyl ether (PBDE) formulations, namely penta-brominated diphenyl ether (BDE) and octa-BDE, and the continued use of the deca-BDE formulation, it is important to be able to predict the photodegradation of the more highly brominated congeners. A model was developed and validated to predict the products and their relative concentrations from the photodegradation of PBDEs. The enthalpies of formation of the 209 PBDE congeners were calculated, and the relative reaction rate constants were obtained. The predicted reaction rate constants for PBDEs show linear correlation with previous experimental results. Because of their large volume use, their presence in the environment, and/or importance in the photodegradation of the deca-BDE formulation, BDE-209, BDE-184, BDE-100, and BDE-99 were chosen for further ultraviolet photodegradation experiments in isooctane. The photodegradation model successfully predicted the products of the photochemical reactions of PBDEs in experimental studies. A gas chromatography retention time model for PBDEs was developed using a multiple linear regression analysis and, together with the photodegradation model and additional PBDE standards, provided a way to identify unknown products from PBDE photodegradation experiments. Based on the results of the photodegradation experiments, as well as the model predictions, it appears that the photodegradation of PBDEs is a first-order reaction and, further, that the rate-determining step is the stepwise loss of bromine. Our results suggest that, based on photodegradation, over time, BDE-99 will remain the most abundant penta-BDE, while BDE-49 and BDE-66 will increase greatly and will be comparable in abundance to BDE-47.
INTRODUCTION
Polybrominated diphenyl ether (PBDE) flame retardants are widely used in consumer products to reduce flammability [1] . Increasing consumer use has led to increasing PBDE concentrations in the environment and the human body [2] [3] [4] [5] . Because of their potential toxicity [6, 7] , the use of penta-brominated diphenyl ether (BDE) and octa-BDE formulations has been banned in Europe and voluntarily phased out in the United States [8] . However, with the continued use of the deca-BDE formulation, large quantities of PBDEs are still being released into the environment. The congener BDE-209, the major ingredient of deca-BDE technical mixture, has been reported to photodegrade under ultraviolet (UV) and natural sunlight to give lower PBDEs, including the banned penta-BDEs and octaBDEs [9, 10] . This finding has led to a need for a model to explain and predict the products of the photodegradation of PBDEs and their relative abundances. In our previous study, the enthalpies of formation of 39 PBDE congeners were calculated using Gaussian 03 (Revision B.05, Gaussian, Pittsburg, PA, USA) and a group additivity method (GAM) was developed [11] . This made it possible in the current study to predict the stability of all 209 PBDE congeners using the GAM and develop a photodegradation model to predict the relative abundances of their photodegradation products.
Although studies on the photodegradation of PBDEs have been conducted, identification of reaction products has been limited and reaction pathways have not been explained in detail [9, 10, [12] [13] [14] . In one of the studies, BDE-209 and 14 other PBDE congeners were shown to undergo first-order photo-degradation reactions and stepwise loss of bromine [9] . Bezares-Cruz, Jafvert, and Hua proposed a limited reaction pathway for BDE-209 photodegradation to BDE-47 [10] .
To better understand PBDE photodegradation and validate the photodegradation model, experiments were conducted on the photodegradation of BDE-209, BDE-184, BDE-100, and BDE-99 under UV light. The congener BDE-209 is the major ingredient of deca-BDE technical mixture, which is still being used in large quantity; BDE-184 is one of the previously unreported products of BDE-209 photodegradation; and BDE-100 and BDE-99 are the major penta-BDEs detected in the environment [3] [4] [5] . The stepwise debromination to form lower BDE congeners was monitored and products were identified using gas chromatography-mass spectrometry (GC-MS), a new PBDE GC retention time model, and PBDE standards [15, 16] . In the present study, the relative abundances of PBDE photodegradation products from experiments were compared to those predicted by the photodegradation model. Specifically, these calculations and the model indicate that bromine dissociation energy is correlated with the relative photodegradation rate, a relationship that can be used to predict the photodegradation products and their relative abundances.
MATERIALS AND METHODS

Chemicals
A standard mixture of 39 PBDEs was obtained from Cambridge Isotope (Andover, MA, USA) [15] . Individual standards  of BDE-99, BDE-100, BDE-121, BDE-140, BDE-146, BDE-148, BDE-168, BDE-184, BDE-196, BDE-197, BDE-203,  BDE-206, BDE-207 , and BDE-208 were purchased from AccuStandard (New Haven, CT, USA). Standard of BDE-209 was purchased from Aldrich (St. Louis, MO, USA). Some of the PBDE photodegradation products, which were not identified using the preceding standards, were confirmed with an additional 126 individual PBDE congeners [16] .
Methods
Ultraviolet photodegradation studies were conducted using a Rayonet RPR-100 photochemical reactor with RMR-2537A (254 nm, 2.7 ϫ 10 Ϫ8 mol/s/cm 3 ) UV lamps purchased from Southern New England Ultra Violet Company (Branford, CT, USA). The outside of the photoreactor measured 40.6 cm high and 30.5 cm square, the reactor barrel was 25.4 cm in diameter by 38.1 cm deep, and the temperature was approximately 35ЊC inside the reactor with the fan in operation. Congeners of PBDE were dissolved in 10 ml of isooctane, and these solutions were irradiated in sealed cylindrical quartz vials. Isooctane was chosen as the solvent because the PBDE standards were purchased in isooctane and previous studies in hexane [10] and toluene [12] have shown that organic solvent type does not affect the PBDE debromination pattern [12] . Isooctane has been previously used to study the photodegradation of chlorinated dioxins [17] . Starting concentrations of BDE-99, BDE-100, and BDE-184 were 1 to 10 mol/ L, and the BDE-209 solution was saturated at 196 mol/L. The irradiated samples were analyzed using a JEOL GC mate II GC high-resolution mass spectrometer in electron capture negative ionization mode (JEOL, Peabody, MA, USA). The GC column was a 30-m J&W DB-5 column (0.25-mm inner diameter and 0.25-m film thickness, J&W, Folsom, CA, USA), and the GC temperature program was 100ЊC (hold for 1 min) and then 10ЊC/ min to 320ЊC (hold for 27 min). The temperatures of the splitless injector, GC interface, and ion source were 280, 250, and 250ЊC, respectively. The PBDE congeners were quantified using external calibration. These PBDE congeners without available standards were quantified using the average electron capture negative ionization response of the homologous PBDE group.
Multiple linear regression analysis was used to predict the GC retention time of the photodegradation products. The enthalpy of formation (⌬H f ), the number of ortho-, meta-, and para-bromines, polarizability, highest occupied molecular orbital (HOMO) energy, lowest unoccupied molecular orbital (LUMO) energy, dipole moment, and natural logarithm of molecular weight, or ln(MW), were included in the GC retention time model as molecular descriptors. All molecular descriptors, except for ln(MW), were obtained using Gaussian 03 [18] on the B3LYP/6-31G(d)//B3LYP/6-31G(d) level, which is more precise than the results obtained by semi-empirical methods [19] [20] [21] . Molecular descriptors, such as ⌬H f , polarizability, HOMO, LUMO, and especially dipole moments, are different for different conformational isomers of a given PBDE congener. These molecular descriptors were averaged for PBDE congeners that had more than one stable conformation.
Photodegradation model
The enthalpies of formation of all 209 PBDE congeners were obtained using a previously developed GAM [11] . Briefly, for a specific PBDE congener,
where ⌬H 1 is the difference in enthalpy between the specific Br position in question and the most stable position on the phenyl ring and ⌬H 2 and ⌬H 3 are the energies due to repulsion, respectively, between two bromines on one phenyl ring and between two bromines on opposite phenyl rings [11] . The photodegradation reactions of PBDEs have been reported to be first order [9, 13] . In the model developed in the present study, the photodegradation of a PBDE congener is presumed to proceed by detachment of a bromine followed by addition of H from an H-donor. The loss of bromine is the rate-determining step. In the photodegradation of PBDEs, the reaction rate of a specific PBDE congener i is 3 , where is the reaction rate constants for i degradation to j k i the lower PBDE j and ␣ ij is the number of potential pathways for the degradation of i to j. For example, in the photodegradation of BDE-209, the reaction rate of BDE-209 is expressed 
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The photodegradation rate constant can be calculated from the following expression:
where A is a pre-exponential factor, R is the gas constant, T is temperature, and Ea is the bromine dissociation energy. To simplify the model, we assume the A and T are the same for all 209 PBDE congeners; therefore, the rate constant is only correlated to Ea. Also, the positional isomerization that is possible during debromination is not likely to occur because of the excessive energy required. For example, for the two photodegradation pathways BDE-209 to BDE-207 and BDE-209 to BDE-208, the ratio of reaction rates would be Because the model in the present study provides the ratio of the rate constants between different reaction pathways, the photodegradation rate constants are all relative rate constants.
To predict the photodegradation of PBDEs in experiments, at least one experimental value of the rate constant must be known. In all cases of the present study, that is the degradation rate constant of the reactant PBDE. A Visual BASIC program was developed to calculate the relative abundances of reactant and photodegradation products by calculating the change in the concentration over a small time interval:
Using the initial concentration and experimental rate constant of the reactant PBDE, this model estimates the final concentration at a specific reaction time.
RESULTS AND DISCUSSION
Calculated enthalpy of formation of PBDE congeners
We have previously shown that the GAM yields values for ⌬H f that are consistent with those calculated using a density functional theory method in Gaussian 03 at the B3LYP/6-31G(d)//B3LYP/6-31G(d) level for 39 PBDEs [11] . Therefore, ⌬H f for each of the 209 PBDE congeners was calculated using the GAM [11] and are shown in Figure S1 (Supporting Information, http://dx.doi.org/10.1897/07-570.S1). Among homolog groups, the higher-energy PBDE congeners tend to have more adjacent bromines and more ortho-bromines than other PBDE congeners, for example, BDE-1 (2-monoBDE), BDE-5 (2,3-diBDE), BDE-21 (2,3,4-triBDE), BDE-24 (2,3,6-tri-BDE), BDE-61 (2,3,4,5-tetraBDE), BDE-62 (2,3,4,6-tetra-BDE), BDE-116 (2,3,4,5,6-pentaBDE), BDE-142 (2,2,Ј3,4,5,6-hexaBDE), BDE-173 (2,2Ј,3,3Ј,4,5,6-heptaBDE), and BDE-195 (2,2Ј,3,3Ј,4,4Ј,5,6-octaBDE). However, some PBDE congeners with the highest number of ortho-bromines, for example, BDE-54 (2,2Ј,6,6Ј-tetraBDE), BDE-96 (2,2Ј,3,6,6Ј-pentaBDE), and BDE-155 (2,2Ј,4,4Ј,6,6Ј-hexa-BDE), do not have the highest energies. Clearly, repulsion energies, caused by adjacent bromine atoms, make the greatest contribution to ⌬H f within a homologous PBDE group.
In general, the PBDE congeners with the lowest energies among homologs are the congeners with lowest number of adjacent bromines and lowest number of ortho-bromines; examples include BDE-11 (3,3Ј-diBDE), BDE-13 (3,4Ј-diBDE), BDE-36 (3,3Ј,5-triBDE), BDE-39 (3,4Ј,5-triBDE), BDE-80 (3,3Ј,5,5Ј-tetraBDE), BDE-120 (2,3Ј,4,5,5Ј-pentaBDE), BDE-121 (2,3Ј,4,5,6Ј-pentaBDE), BDE-155 (2,2Ј,4,4Ј,6,6Ј-hexa-BDE), BDE-184 (2,2Ј,3,4,4Ј,6,6Ј-heptaBDE), and BDE-197 (2,2Ј,3,3Ј,4,4Ј,6,6Ј-octaBDE). However, among these examples, BDE-155, BDE-184, and BDE-197 are fully ortho-brominated. Therefore, it appears that ortho-bromine substitution does not contribute to the energy as much as adjacent bromine substitution does.
It should be noted that the most abundant PBDE photodegradation products are not always the most stable congeners. For example, of the penta-BDEs, the ⌬H f for BDE-99 is slightly higher than the ⌬H f for BDE-121 and BDE-120. Nevertheless, experiments show that BDE-99 is the most abundant penta-BDE product resulting from BDE-209 photodegradation [10] , which indicates that photodegradation of BDE-209 follows certain reaction pathways and that the stability is not the only factor to decide the relative abundance of the photodegradation products. The possible photodegradation products of PBDE congeners, and their relative abundances, can be predicted from the calculated values of ⌬H f for all 209 PBDEs, assuming that the positional isomerization, which requires substantial energy, does not occur.
GC retention time prediction of photodegradation products
To obtain reliable predictions of GC retention times for photodegradation products, it was necessary to use eight molecular descriptors of physicochemical properties. Specifically, the following linear expression was used to predict GC retention times for PBDE photodegradation products:
ϩ ␤ ϫ ortho bromine ϩ ␤ ϫ para bromine 6 7 ϩ ␤ ϫ meta bromine ϩ ␤ ϫ dipole moment (14) 8 9 where ⌬H f is the enthalpy of formation in kJ/mol; polarizability is the average molecular polarizability in atomic units; HOMO and LUMO are molecular orbital energies in eV; ln(MW) is the natural logarithm of molecular weight; ortho-bromine, para-bromine, and meta-bromine are the number of bromines at ortho-, para-, and meta-bromines, respectively; dipole moment is the average dipole moment in Debye; and ␤ 0 to ␤ 9 are empirically determined by multiple linear regression, and are, therefore, specific for the DB-5 column and GC temperature program used in the present study. Previous GC retention time models have been used to identify the number of bromines on an unknown PBDE congener [19] [20] [21] . However, these models are not precise enough to identify PBDEs within a homologous group. In contrast, values computed from Equation 14 for 47 of the PBDEs (Table S1 ; http://dx.doi.org/10.1897/07-570.S1) show good linearity, between and, in particular, within homologous groups (R 2 ϭ 0.9939, p Ͻ 0.0001; Fig. S2A ). The values of ␤ 0 to ␤ 9 in Fig. S2A (Fig. S2B) shows that, with only two exceptions, the predicted GC retention times are within 0.6 min of their corresponding measured retention times and there is no systematic trend. The outliers, BDE-168 (2,3Ј,4,4Ј,5Ј,6-hexaBDE) and BDE-196 (2,2Ј,3,3Ј,4,4Ј,5,6Ј-octaBDE), have one of the greatest dipole moments (2.33 Debye and 1.74 Debye, respectively) within their homolog groups.
PBDE photodegradation model validation
In a recent study [22] , quantitative structure-property relationship models were used to predict the photodegradation rates of 15 PBDEs based on experimental reaction rate [9] ; however, the photodegradation rates for the remaining 194 PBDEs were not predicted. In the present study, the photodegradation rate constants of the 208 PBDE congeners that are potential photodegradation products of BDE-209 were calculated using Equations 3 and 12 relative to an arbitrarily assigned rate constant of 1/min for BDE-209 (Table S2) . From among these values, 15 congeners were plotted (Fig. S3 ) against the corresponding photodegradation rate constants measured in methanol:water (80:20) under UV light [9] . The linear correlation between the experimental rate constants [9] and those predicted from Equations 2 and 13 is good (R 2 ϭ 0.8958, p Ͻ 0.0001; Fig. S3 ; http://dx.doi.org/10.1897/07-570.S1).
Using Equation 13 , the abundances of hepta-BDEs relative to total PBDE concentration were computed at different reaction times ( Fig. S4 ; http://dx.doi.org/10.1897/07-570.S1). The predicted relative abundance of PBDE congeners was inversely correlated with their ⌬H f at a short reaction time (Fig.  S4A compared to the hepta-BDE in Fig. S1 ). However, at longer reaction times, the congeners with the slowest total degradation rates (Table S2 ; http://dx.doi.org/10.1897/07-570.S1) had the highest relative abundance (BDE-187 and BDE-188; Fig. S4B) .
A recent study [13] reported the time profile for the photodegradation products of several PBDE congeners, namely, BDE-47, BDE-100, BDE-99, BDE-154, and BDE-153, coated on a solid-phase microextraction fiber and irradiated with simulated sunlight. Using the rate constants from their study (⌺ k 100 ϭ 0.096/min and ⌺ k 153 ϭ 0.401/min) [13] , we calculated the photodegradation time profile of BDE-100 and BDE-153 ( Fig. S5A and B) . Using our photodegradation model, we also predicted the photodegradation of BDE-209 from previous studies [10, 12] . Using the reported rate constants, the prediction of the solar photodegradation of BDE-209 in hexane [10] is shown in Figure S5C and the prediction of the photodegradation of BDE-209 on silica gel under UV light [12] is shown in Figure S5D . When compared to the corresponding literature results [10, 12, 13] , our photodegradation model predicted PBDE photodegradation time profiles under different conditions (solvent and light conditions) very well.
Photodegradation experiments and model predictions
Using our theoretical model of PBDE photodegradation and GC retention time prediction, we conducted laboratory photodegradation experiments on BDE-209, BDE-184, BDE-100, and BDE-99 to better understand PBDE photodegradation time profiles. The congener BDE-184 has not been previously reported to be a photodegradation product of BDE-209. However, BDE-184 is one of the predicted important BDE-209 photodegradation products (Fig. S4) , and the prediction was confirmed experimentally (data not shown). In addition, it was both predicted by the model and experimentally observed that the major products of BDE-184 photodegradation are BDE-154, BDE-155, and BDE-100 (Fig. 1) . With only three exceptions, the predicted photodegradation products of BDE-184 after 120 min (Fig. 1C) correlate with the corresponding product peaks in the GC-MS chromatogram from the BDE-184 photodegradation experiment after 120 min of UV irradiation (R 2 ϭ 0.4882, p ϭ 0.0168 overall and R 2 ϭ 0.9786, p Ͻ 0.0001 without the three exceptions; Figs. S6 and 1D) . Two of the exceptions, BDE-139 and BDE-140, were predicted at concentrations much lower than observed, whereas the other exception, BDE-155, was predicted at a much higher concentration than observed experimentally. The congener BDE-155 (2,2Ј,4,4Ј,6,6Ј-hexaBDE) is fully brominated in the ortho positions. The stability of the ortho-bromine may be overpredicted by the model, which results in higher predicted concentrations relative to the experiment. All of the major chromatographic peaks in Figure 1D were identified using PBDE standards except for the two peaks at 19.95 and 23.05 min. The chromatographic peak at 19.95 min was predicted to be BDE-103 based on the GC retention time model (Table S1) and photodegradation model (Fig. 1C) ; the peak at 23.05 min was assigned as BDE-139, which has a predicted retention time of 22.88 min. The identities of BDE-103 and BDE-139 were confirmed using the 126 PBDE standards [16] .
The photodegradation of BDE-100 and BDE-99, which are the most abundant penta-BDEs detected in the environment [3] [4] [5] , has been previously studied [9, 13] . However, not all of the products were identified and the reaction mechanism was not explained in detail. Therefore, we also studied the photodegradation of these important penta-BDEs. The experimentally determined time profile for the photodegradation of BDE-100 (Fig. S7A) was predicted from the photodegradation model in all but one case (BDE-28; Fig. S7B ). Compared to all other BDE-100 photodegradation products with two or more ortho-bromines, BDE-28 (2,4,4Ј-triBDE) only has one bromine in the ortho position. The stability of the ortho-bromine may be overpredicted by the model, which results in higher predicted concentrations relative to the experiment, except for BDE-28. As was observed in the photodegradation of BDE-184, the total concentration of PBDEs decreased with time.
The most abundant photodegradation products of BDE-100 at 10 min were predicted from the photodegradation model to be BDE-75, BDE-47, and BDE-28 (Fig. S7C) ; these predictions corresponded to the most abundant photodegradation products observed in the GC-MS chromatogram of a BDE-100 sample after 10 min of irradiation (Fig. S7D) . All major chromatographic peaks were identified using PBDE standards except for the peaks at 18.16 and 18.55 min (which co-elute with BDE-75). A recent study [16] showed that BDE-75 and BDE-51 co-elute and, further, that BDE-50 has a shorter retention time than BDE-51 on a DB-5 column under a GC temperature program similar to the one used in the present study. Based on this information and photodegradation model, the peaks at 18.16 and 18.55 min are most likely BDE-50 and BDE-51, respectively. The identities of BDE-50 and BDE-51 were confirmed using the 126 PBDE standards [16] . Linear correlation between the experimental concentrations and those concentrations predicted by the model for the photodegradation of BDE-100 after 5 min of irradiation is good (R 2 ϭ 0.7892, p ϭ 0.0180; Fig. S8 ).
For BDE-99, the photodegradation model predicted that the four primary products, BDE-66, BDE-74, BDE-47, and BDE-49, reached their maximum concentrations after approximately 2 min of irradiation (Fig. S9) ; this result closely matched the experiment (Fig. S9A) . Again, the total concentration of PBDEs in the BDE-99 photodegradation experiment decreased significantly with time after 5 min of irradiation.
As was true for BDE-100 photodegradation, all predicted major photodegradation products of BDE-99 at 5 min (Fig.  S9C ) appeared in the GC-MS chromatogram of a BDE-99 sample irradiated for 5 min (Fig. S9D) . The chromatographic peaks at 16.21, 16.67, and 19.20 min were predicted to be BDE-18, BDE-31, and BDE-74, respectively, based on the GC retention time model prediction of 15.65, 16.31, and 18.96 min, respectively. The identities of BDE-18, BDE-31, and BDE-74 were confirmed by the 126 PBDE standards [16] . The correlation between the experimental concentrations and the predicted concentrations of BDE-99's photodegradation products after 5 min of irradiation did not have good linearity but was statistically significant (R 2 ϭ 0.4441, p ϭ 0.0133; Fig.  S10 ). Figure 2A shows the experimental result of the time profile of BDE-209 photodegradation by homologous group. The predicted time profile of BDE-209 photodegradation was calculated and is shown in Figure 2B . After 8 d of irradiation, only 0.16% of mono-BDEs and 0.02% of di-BDEs were detected in the solution. At the level of homologous group, the theoretical model reproduced the results of the experiment well and both show stepwise debromination of PBDEs over time. The experimental results (Fig. 2C ) and model prediction (Fig.  2D) at congener level for penta-BDE and tetra-BDE products indicate that, at the congener level, the model did not predict as well as it did for BDE-184, BDE-100, and BDE-99. Furthermore, the concentrations of the tetra-BDEs were underestimated by the model (Fig. 2E and F) , and the correlation between model and experiment also confirmed this (Fig. S11) .
Because the photodegradation of BDE-209 has up to ten steps of debromination and could result in 208 possible products, the estimation error may accumulate for each step of debromination and lead to relatively large error.
Photodegradation pathways
The major photodegradation pathways mapped out in the present study for BDE-209, BDE-184, BDE-100, and BDE-99 are summarized in Figure 3 . The thicker lines pass through those photodegradation products with higher concentrations; these pathways are more probable than the rest. The relative abundances of photodegradation products were concluded from the experimental results when the model prediction did not agree well with the experimental results. For the photodegradation of BDE-209, BDE-99 is the most abundant penta-BDE product even though it is not the most stable penta-BDE, because it is on the pathway of the highest probability for each step. Similarly, BDE-28 is on the pathway of the highest probability in the photodegradation of BDE-100; therefore, it is the most abundant tri-BDE product.
In all photodegradation experiments conducted, the total amount of PBDEs was observed to decrease with time. This is contradictory to the photodegradation model that assumes constant mass balance. It is possible that the ether bond breaks under UV light, resulting in an apparent loss of PBDE mass [23] . Also, PBDEs may have accumulated on the walls of the reaction tubes and/or polybrominated dibenzo-p-furans may have been formed, but were not detected, during the photo reaction. In addition, electron capture negative ionization is not as sensitive for mono-and di-BDEs as other higher-brominated PBDEs [15] and mono-and di-BDEs were rarely detected among the photodegradation products. As a result, mono-and di-BDEs may not be fully accounted for in the mass balance of the experiments. The PBDE photodegradation model is a simple model based on the GAM, an approximation to calculate the ⌬H f of PBDEs. Enthalpy of formation may not be the only factor determining the PBDE photodegradation rate constant. Other factors may include quantum yield, molecular orbital energy, and charge distribution [22] . The quantum yield for PBDE photodegra- dation was assumed to be constant. Furthermore, the model assumes that the solvent effect and light conditions have the same effect on all PBDE congeners. These limitations may cause the observed deviations from the experimental results.
However, good linear correlation was observed between our predicted photodegradation rates (relative to BDE-209) and experimental photodegradation rates in methanol:water under 365 nm of UV light. Our photodegradation model predicted PBDE photodegradation time profiles under different solvent and light conditions very well when compared to the experimental results [10, 12, 13] . This photodegradation model is not wavelength or solvent specific. Therefore, our model can be used to predict PBDE photodegradation under environmentally relevant conditions. Previous studies have shown that the current PBDE congeners in the environment are similar to the congener composition of the technical mixtures used [3, 4] . Assuming that most of the BDE-209 in the environment is eventually photodegraded by natural sunlight, the future pattern of the PBDE congeners caused by BDE-209 degradation in the environment may be comparable to our results. For example, BDE-99 will remain the most abundant penta-BDE, while BDE-49 and BDE-66 will increase greatly and will be comparable in abundance to BDE-47. It is also possible that PBDE congeners that have not been used commercially, such as octa-BDE-201 and hepta-BDE-187, will be present in the environment at significant concentrations among their congener group. Table S1 . Experimental and multiple linear fit GC retention times for PBDE congeners. Table S2 . Calculated reaction rate constants relative to BDE-209 for all 209 PBDEs. Fig. S1 . Enthalpy of formation of 209 PBDEs calculated using the GAM [1] . Fig. S2 . Correlation between measured and predicted GC retention time (A) and plot of residuals (B). Fig. S3 . Correlation between predicted photodegradation rates (relative to BDE-209) and experimental rates [2] . Fig. S4 . Predicted hepta-BDE products from BDE-209 photodegradation in methanol:water (80:20) and UV light: the product profile at 1 ϫ 10 5 sec reaction time (A), and the product profile at 1.4 ϫ 10 6 sec (B). The concentrations are relative to the total BDE concentration. Fig. S5 . Predicted PBDE photodegradation time profiles. Predicted photodegradation of BDE-100 (A) and BDE-153 (B), respectively, after solid-phase microextraction fiber exposure to sunlight simulated irradiation normalized to the maximum concentration of each homologous group [3] . Predicted solar photodecomposition of BDE-209 (C) in hexane relative to total PBDE concentration [4] . Predicted photodegradation of BDE-209 (D) on silica gel under UV light relative to total PBDE concentration [5] . Fig. S6 . Correlation between experimental concentration and model predicted concentration for BDE-184 photodegradation products at 120 min. . Correlation between experimental result and model simulation for BDE-99 photodegradation products at 5 min. Fig. S11 . Correlation between experimental result and model simulation for tetra-BDEs and penta-BDEs in BDE-209 photodegradation products at 120 min.
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